The decline of brain function during aging is associated with epigenetic changes, including DNA 11 methylation. Lifestyle interventions can improve brain function during aging, but their influence 12 on age-related epigenetic changes is unknown. Using genome-wide DNA methylation sequencing, 13 we here show that environmental enrichment counteracted age-related DNA methylation changes 14 in the hippocampal dentate gyrus of mice. Specifically, environmental enrichment prevented the 15 aging-induced CpG hypomethylation at target sites of the methyl-CpG-binding protein Mecp2, 16 which is known to control neuronal functions. The genes at which environmental enrichment 17 counteracted aging effects have described roles in neuronal plasticity, neuronal cell communication 18 and adult hippocampal neurogenesis and are dysregulated with age-related cognitive decline in the 19 human brain. Our results highlight the rejuvenating effects of environmental enrichment at the level 20 of DNA methylation and give molecular insights into the specific aspects of brain aging that can 21 be counteracted by lifestyle interventions. 22
Introduction

23
Aging is associated with a progressive decline in brain function that manifests in cognitive 24 impairments, increased risk for neurodegenerative diseases and loss of neural plasticity. Lifestyle 25 factors, including physical exercise and cognitive stimulation, attenuate age-related reductions of 26 brain function in humans 1 , contributing to what is called 'reserve' or 'maintenance' of brain 27 function 2,3 . In rodent models, environmental enrichment (ENR) promotes life-long brain plasticity 28 and health 4,5 . ENR stimulates the function of existing neurons and adult neurogenesis in the 29 hippocampus-a brain region with key roles in learning and memory, but high susceptibility to 30 stress-and age-related impairments 6 . We set out to investigate the molecular mechanisms that link 31 environmentally induced brain plasticity with improved brain maintenance during aging. 32
Genome-wide DNA methylation changes are hallmarks of cellular aging 5 and are used as 33 biomarkers of the aging process 6 . In the hippocampus, the aging-induced dysregulation of the 34 DNA methylation machinery is involved in the development of cognitive impairments 9,10 . Proper 35 control of neuronal DNA methylation patterns in the adult brain is crucial for dynamic gene 36 expression changes associated with synaptic plasticity and memory formation [11] [12] [13] . The sensitivity 37 of neuronal methylomes to environmental stimuli, such as maternal behaviour 14 , learning stimuli 15 38 or isolated neuronal activation 16 , contributes to the molecular mechanisms underlying experience-39 dependent brain plasticity 17 . Conversely, aberrant changes of neuronal DNA methylation patterns 40 have been described in aging 18, 19 and in age-related disorders, such as Alzheimer's disease 20,21 . 41 Since neuronal DNA methylation patterns are plastic and sensitive to environmental experiences, 42 behavioral interventions could potentially rescue such aberrant DNA methylation changes and 43 thereby promote brain health in old age. 44
We therefore investigated the influence of life-long ENR on DNA methylation patterns in the 45 hippocampal dentate gyrus and found that ENR counteracted aging-induced DNA methylation 46 changes at genes related to neuronal plasticity and adult hippocampal neurogenesis. Our results 47 highlight the potential of lifetime experiences to influence brain health in old age and provide a 48 possible mechanism underlying the effects of lifestyle factors on brain aging. 49
Results
50
Environmental enrichment changes DNA methylation at brain plasticity genes in the adult 51 dentate gyrus 52
To first investigate whether ENR changes DNA methylation patterns in the adult dentate gyrus, 53 female C57BL/6JRj mice were kept in ENR or standard housing cages (STD) for three months 54 starting at an age of six weeks. Genome-wide DNA methylation profiling was performed on micro-55 dissected dentate gyrus tissue by reduced representation bisulfite sequencing (RRBS) 22, 23 . No 56 ENR-induced changes in global CpG methylation levels were detected ( Fig. 1a ), underscoring 57 general genomic stability after ENR. Nevertheless, ENR modified methylation levels at 11,101 58 individual CpGs, i.e. 1.25 % of all covered CpGs (Fig. 1b ). Differentially methylated CpGs 59 (dmCpGs) were depleted at CpG islands, CpG island shores, promoters and exons but enriched at 60 enhancers, introns and intergenic regions of the genome (Fig. 1c ). Additionally, ENR changed 61 methylation at 0.019 % of CpHs (in total only 750 differentially methylated CpHs; dmCpHs), 62 which showed a similar genomic distribution to dmCpGs but no enrichment at enhancers 63 ( Supplementary Fig. 1; Supplementary Data 1) . Thus, ENR changed methylation in the dentate 64 gyrus predominantly at CpGs located within regulatory genomic regions. 65
To explore the neuronal processes that are regulated by ENR, we performed gene set enrichment 66 analysis with the 373 ENR-induced differentially methylated genes using expert-curated 67 knowledge bases. Gene ontology (GO) 24 and Reactome pathway analyses 25 showed that ENR-68 induced dmCpGs were enriched at genes involved in structural components of neurons, such as 69 "axon part", "dendrite" and "dendritic spine" (Fig. 1d ), and at genes with known functions in 70 synaptic plasticity pathways, including glutamate receptor signaling and axon guidance ( Fig. 1e ; 71
Supplementary Data 2). Enrichment analysis for genes from the Mammalian Adult Neurogenesis 72
Gene Ontology (MANGO) 26 highlighted that ENR changed DNA methylation at genes with 73 described function in hippocampal neurogenesis, such as Fgfr1, Gria1, Nfatc4, Ntf3, Flt1 and Thrb 74 ( Fig. 1f ). In addition, enrichment analysis using the Synaptic Gene Ontologies (SynGO) 75 knowledgebase 27 suggested that ENR-induced differentially methylated genes are enriched at 76 genes involved in synaptic assembly, organization of post-synapses and neurotransmitter signaling 77 ( Fig. 1g ). These results indicated that ENR regulates pathways involved in neuronal plasticity and 78 adult hippocampal neurogenesis in the murine dentate gyrus. 
99
Age-related DNA methylation changes in the dentate gyrus 100
To investigate the influence of ENR on age-related DNA methylation changes in the dentate gyrus, 101 RRBS was performed on dentate gyrus tissue from young (6.5-week-old) and aged (14-month-old) 102 mice, which had lived in STD or ENR for four days (young) or over a year (aged). 103
To determine age-related DNA methylation changes in the dentate gyrus, we compared DNA 104 methylation profiles between young STD mice and aged STD mice and detected 41,961 dmCpGs 105 and 6,600 dmCpHs (Supplementary Fig. 2a-b ; Supplementary Data 3). While most dmCpGs were 106 hypomethylated in aged mice (77.93 % of dmCpGs), aging predominantly increased methylation 107 of CpHs (74.05 % of dmCpHs). The gene locations of aging-induced methylation changes in the 108 dentate gyrus were significantly enriched with genes previously reported to exhibit age-related 109 methylation changes in different tissues ( Supplementary Fig. 2c ). Additionally, more than 92.0 % 110 of the here identified age-related differentially methylated genes have been shown to change 111 methylation during aging in the mouse hippocampus by two independent studies 18,28 , highlighting 112 the robustness of aging-associated DNA methylation changes in the brain. 113
We found that age-related differentially methylated genes were significantly enriched in pathways 114 related to neuronal plasticity, neuronal signaling and energy metabolism ( Supplementary Fig. 2d ; 115 Supplementary Data 4). Remarkably, the highest enriched pathways of genes with age-related 116 DNA methylation changes overlapped considerably with the highest enriched pathways of ENR-117 induced differentially methylated genes in the non-aged brain (compare Fig. 1e ), which suggested 118 that aging and ENR changed DNA methylation at genes involved in similar pathways. 119
ENR counteracts age-related DNA methylation changes in the dentate gyrus 120
To investigate the effect of life-long ENR on aging, we first compared global aging-induced DNA 121 methylation changes between STD and ENR mice. In STD mice, aging was associated with a 122 global 13.81 % decrease in CpG methylation ( Fig. 2a ), which is in accordance with the 123 predominant CpG hypomethylation found at the individual CpG level (compare Supplementary 124 Fig. 2 ). In contrast, aged ENR mice did not show significant global CpG methylation differences 125 compared to young STD mice, suggesting that the age-related global CpG hypomethylation in the 126 dentate gyrus is at least partially prevented by ENR. No ENR-and age-related global methylation 127 changes were seen in the CpH context ( Supplementary Fig. 3 ). 128
To analyze whether ENR counteracts aging-induced DNA methylation changes at specific genomic 129 loci, we determined cytosines where the methylation change induced by life-long ENR (difference 130 between aged ENR and aged STD mice) was opposite to the effect of aging (difference between 131 aged STD and young STD mice). From all CpGs that were hypomethylated with aging, 31.60 % 132 were significantly hypermethylated in aged ENR mice compared to aged STD mice ( Fig. 2b) CpHs were changed by ENR in the opposite direction than by aging ( Fig. 2b) To compare magnitudes of methylation changes induced by aging and ENR, the absolute 141 methylation percentages of the 13,314 dmCpGs and 3,196 dmCpHs at which ENR counteracted 142 aging effects were plotted ( Fig. 2c-d ). Compared to the young animals, the aged STD mice 143 exhibited a loss of highly methylated CpGs, which resulted in an accumulation of low or 144 unmethylated CpGs and 27 % lower median CpG methylation levels. In contrast, the animals 145 housed in ENR for one year showed distributions and median CpG methylation percentages similar to young animals. Likewise, aged STD mice possessed different distributions and a 33 % increase 147 in the median CpH methylation percentage compared to young animals ( Fig. 2d-e ), while aged 148 ENR mice were similar to young animals. These results suggest that ENR restores methylation at 149 those age-sensitive CpGs and CpHs to the levels observed in young animals. 150 
165
To increase temporal resolution of age-related DNA methylation changes, we integrated the data 166 from the independent first experiment with 4.5-month-old (hereafter referred to as middle-aged) 167 mice housed in ENR or STD for three months (compare Fig. 1 ). The CpG and CpH methylation 168 levels of middle-aged mice were similar to young animals and did not show the age-related loss of 169 CpG methylation observed in aged STD mice ( Supplementary Fig. 4a ). Further comparison of the 170 effects of life-long ENR with age-related changes that occured from middle-aged STD to aged STD 171 mice showed that the pattern of dmCpGs and dmCpHs that were counteracted by ENR was similar 172 to that observed for young animals ( Supplementary Fig. 4b ). Additionally, 43.71 % of CpGs and 173 56.32 % of CpHs at which ENR counteracted aging were also differentially methylated between 174 middle-aged STD mice and aged STD mice. This suggests that age-related epigenetic changes 175 became pronounced only after an age of 4.5 months and that the environmental influence on age-176 related methylation changes is itself age-dependent. 177
Genomic distribution of environmentally sensitive age-related DNA methylation changes 178
To further characterize the influence of ENR on aging-induced epigenetic reconfigurations, we 179 analyzed the genomic distribution of CpGs and CpHs at which ENR counteracted age-related 180 methylation changes. Both dmCpGs and dmCpHs were distributed over all chromosomes in the 181 genome ( Fig. 3a) , with dmCpGs depleted at exons, CpG islands, CpG island shores, promoters and 182 super-enhancers, but significantly enriched at introns, inter-genic regions and enhancers ( Fig. 3b ). 183
The distribution of dmCpHs over genomic features was similar to dmCpGs, but they were not 184 enriched at enhancers. Because DNA methylation of enhancers is particularly involved in the 185 regulation of gene expression by interaction with transcription factors 29 , we performed a 186 transcription factor motif analysis of the 1,472 dmCpGs located within enhancers. The only 187 significantly enriched transcription factor was Mecp2 (Fig. 3c ), which binds methylated cytosines 188 via its methyl-CpG-binding domain 30 . Mecp2 was also the strongest enriched transcription factor 189 when motif enrichment analysis was performed on all 13,314 dmCpGs (independent of genomic 190 location), which suggested that Mecp2 binding occurs genome-wide and is not restricted to 191 dmCpGs located within enhancers (Supplementary Data 5). In contrast to dmCpGs, no enrichment 192 of Mecp2 motifs was found at dmCpHs ( Fig. 3c) . 193
To validate the enrichment of Mecp2 binding sites at dmCpGs, we used two existing Mecp2 ChIP-194 sequencing datasets derived from adult mouse cortex and prefrontal cortex, respectively 31 . Similar 195 to Mecp2 motifs, ChIP-derived Mecp2-bound genomic regions were significantly enriched at 196 dmCpGs (hypergeometric tests; cortex: p < 1E-300; prefrontal cortex: p = 1.4E-286). 197
Because Mecp2 is known to specifically bind methylated cytosines, we analyzed the direction of 198 the methylation change of Mecp2 target dmCpGs with aging and ENR. The vast majority of Mecp2 199 targets (87.31 %) were hypomethylated with aging and hypermethylated by ENR ( Fig. 3d ). Aging-200 induced hypomethylated CpGs were significantly enriched among the Mecp2 targets (p = 2.7E-201 36). These results suggest that ENR prevents the age-associated CpG hypomethylation of Mecp2 202 binding sites and, thereby, facilitates Mecp2 binding in the aged dentate gyrus. 203
Annotation of dmCpGs and dmCpHs to their associated gene targets identified 676 genes at which 204 ENR counteracted age-related methylation changes. Two thirds of these genes were protein-coding 205 genes, but also lncRNA and a minor percentage of ncRNAs (such as microRNAs) and pseudogenes 206 changed DNA methylation (Fig. 3e) . The differentially methylated genes were significantly 207 enriched with genes that are known to be transcriptionally repressed by Mecp2 31 (Fig. 3f ), further 208 supporting that ENR counteracts age-related DNA methylation changes at Mecp2 targets. 209 
227
Experience protects neuronal plasticity and neurogenesis-related genes from age-related 228
DNA methylation changes 229
To identify aspects of brain aging that are sensitive to environmental stimulation, we performed 230 GO and pathway enrichment analyses of genes at which ENR counteracted aging-induced 231 methylation changes and generated an integrated map based on gene overlaps between enriched 232 terms 33 . We identified three main clusters which were related to neuronal plasticity, cell 233 communication and developmental programs ( Fig. 4a; Supplementary Data 6 ). Among those, the 234 "neuron plasticity" cluster contained the highest number of enriched terms. It comprised pathways 235 related to structural plasticity of neurons, including axon guidance and synapse organization, as 236 well as processes involved in neuronal activation, such as synaptic signaling and regulation of 237 potassium channels. In the "cell communication" cluster, we found signaling pathways that involve 238 secreted molecules, such as insulin and growth factors, and a group of enriched terms related to 239 cell adhesion, including formation of cellular junctions by cadherins, adhesion to extracellular 240 matrix and extracellular matrix remodeling by regulation of collagen formation. The third cluster 241 contained pathways involved in organ morphogenesis but also pathways related to nervous system 242 development, including neuronal fate specification and precursor proliferation. 243
To correlate differential cytosine methylation with cellular changes in the brain, we investigated 244 adult hippocampal neurogenesis which has a role in cognitive flexibility and decreases with 245 aging 34 . We found that genes at which ENR counteracted age-related methylation changes were 246 significantly enriched for genes functionally involved in adult hippocampal neurogenesis as 247 annotated in MANGO (Fig. 4b) . Accordingly, mice housed in ENR for one year showed a 60 % 248 increase in the number of new-born neurons in the dentate gyrus compared to aged STD mice 249 ( Fig. 4c-d ), suggesting that continuous ENR increases hippocampal neurogenesis throughout the 250 lifespan. In contrast, only trends towards increased precursor proliferation and no change in total 251 precursor cell numbers were observed in aged ENR compared to aged STD mice (Supplementary 252 Fig. 5 ). This suggests that life-long ENR stimulates new-born neurons during an immature phase 253 but has only minor effects on neural precursor cells, which is in accordance with what has been 254 observed after shorter periods of ENR in young adult and aged mice 34 .
To analyze whether ENR protects from aging effects by actively changing DNA methylation 256 throughout the lifespan, we overlapped genes where ENR counteracted DNA methylation changes 257 in aged mice with DNA methylation changes induced by shorter periods of ENR in non-aged mice. 258
In total, 24.02 % of genes that changed DNA methylation after four days of ENR in young mice 259 and 30.03 % of genes that changed DNA methylation after three months of ENR in middle-aged 260 mice overlapped with genes at which ENR counteracted age-related changes (Supplementary 261 Fig. 6a ). Additionally, ENR-induced differentially methylated genes were significantly enriched 262 with genes that changed transcription after acute neuronal activation in the dentate gyrus 35 263 ( Supplementary Fig. 6b 
278
ENR changes DNA methylation in mice at genes associated with age-related cognitive 279 decline in the human brain 280
To investigate whether the genes at which ENR counteracted age-related DNA methylation 281 changes in the mouse brain are also dysregulated in the human brain during aging and associated 282 cognitive decline, we overlapped them with three previously published datasets derived from 283 human prefrontal cortex tissue. Dataset 1 contained genes with DNA methylation changes 284 associated with Alzheimer's disease pathology 20 ; dataset 2 comprised genes with changes in RNA 285 levels associated with age-related cognitive decline 36 and dataset 3 contained genes with proteomic 286 changes associated with individual cognitive trajectories during aging 37 . Genes of all three datasets 287 were significantly enriched among the genes at which ENR counteracted age-related DNA 288 methylation changes (Fig. 5a ). In total, 256 of the ENR-induced differentially methylated genes 289 detected in the aged mouse brain were also dysregulated in the aged human brain ( Fig. 5b ; 290 Supplementary Data 7). Among those genes, the most significant enriched biological process from 291 GO analysis was the term "neurogenesis" (adjusted p = 7.9E-08; 53 genes) of the higher order 292 group "nervous system development" (adjusted p = 5.0E-10; 72 genes). This suggests that the age-293 related dysregulation of genes involved in neurogenesis is conserved between mouse and human. 294
The overlap of genes regulated by ENR in mice and genes dysregulated in human brains highlights 295 the intriguing possibility that environmental stimulation could prevent age-related gene 296 dysregulation and associated cognitive decline also in human brains. 297 Here, we showed that lifelong ENR can counteract age-related DNA methylation changes in the 313 hippocampal dentate gyrus. Many of the genes for which ENR prevented aging-induced differential 314 methylation in the mouse brain were also known to be dysregulated in human brains with aging 315 and related cognitive decline. Our results lend mechanistic support to the potential of behavioral 316 interventions and lifestyle factors to prevent age-related epigenetic changes in the brain in order to 317 improve brain health in old age. 318
We found that ENR prevented the aging-induced loss of CpG methylation genome-wide at binding 319 sites of Mecp2. Since Mecp2 binds methylated cytosines with high affinity broadly across the 320 genome 40-42 , these results suggested that aging is associated with reduced Mecp2 binding to 321 neuronal genomes and that ENR enhances Mecp2 binding in aged brains. Mutations in Mecp2 322 cause Rett syndrome, which is characterized by severe encephalopathy and reduced lifespan 43 . 323
Mecp2 is known to be abundant in neurons and crucial for neuronal development during 324 embryogenesis and in the adult hippocampus 44,45 , but a role of Mecp2 in brain aging had not yet 325 been reported. At the molecular level, Mecp2 has been associated with transcriptional repression, 326 locus-specific gene activation and regulation of alternative splicing 41, 42, 46 . Therefore, aging-327 induced loss of Mecp2 binding as a result of genome-wide CpG hypomethylation might be 328 involved in the aging-associated transcriptional dysregulation and the aberrant splicing of neuronal 329 genes that has been reported for the aged hippocampus 47 . On the other hand, a recent study 330 suggested that Mecp2 is involved in the repression of endogenous repetitive elements in neuronal 331 genomes 48 . ENR-induced methylation of Mecp2 targets could thus prevent the aberrant activation 332 of repetitive elements which is known to contribute to genomic instability in aging 49 . Follow-up 333 studies should experimentally confirm the interaction between CpG hypomethylation and Mecp2 334 binding during brain aging and identify molecular programs downstream of Mecp2 that are disrupted in the aged brain. Our results suggest not only a possible role of Mecp2 in age-related 336 cognitive decline but also the potential of environmental stimulation to rescue Mecp2 binding in 337 aged brains by DNA methylation of its target sites. 338
With the exception of a few regulated genes 50,51 , the molecular mechanisms underlying ENR-339 stimulated brain plasticity were, until now, mostly unknown. Our functional enrichment analyses 340 of differentially methylated genes in the aged mouse dentate gyrus have exposed several pathways 341 potentially underlying the neuroprotective effects of ENR during aging. One such pathway was 342 adult hippocampal neurogenesis and, since increasing neurogenesis promotes aspects of 343 hippocampal function 52 , ENR-stimulated increases in hippocampal neurogenesis likely ameliorate 344 age-related cognitive decline. Further investigation will be needed to determine the cell type 345 specificity of ENR-induced DNA methylation changes in the dentate gyrus and their role in in 346 hippocampal neurogenesis. 347
Since ENR increased adult hippocampal neurogenesis throughout the lifespan, differences in DNA 348 methylation patterns between STD and ENR mice could reflect DNA methylation changes in 349 mature neurons or ENR-induced differences in the cellular composition of the dentate gyrus. should have been visible in the 4.5-month-old 'middle-aged' mice. However, the middle-aged mice showed only minor age-related DNA methylation changes compared to young animals 360 ( Supplementary Fig. 4 ). Therefore, we conclude that the here described ENR-induced DNA 361 methylation changes that counteracted age effects reflect DNA methylation changes in mature 362 hippocampal neurons rather than changes in cellular composition of the dentate gyrus. 363 ENR combines physical and social incentives with continuous novelty and sensory stimulation 4 . 364
Which aspects of ENR and the mechanisms how environmental stimulation prevents age-related 365 DNA methylation changes remains to be investigated. Previous work has shown that exploration 366 of novel environments leads to neuronal activation coupled with short-term and long-lasting 367 changes in transcription and chromatin accessibility in activated hippocampal neurons 55,56 . 368
Additionally, isolated neuronal activation by electroconvulsive stimulation has been shown to lead 369 to widespread changes in DNA methylation, RNA and open chromatin landscapes in the dentate 370 gyrus 16, 35 . We showed that ENR-induced differentially methylated genes were significantly 371 enriched for neuronal activity regulated genes, indicating that some of the ENR-induced DNA 372 methylation changes are triggered by neuronal activation. Similarly, Penner et al. reported that age-373 related DNA methylation changes at the promoter of the neuronal activity-induced gene Egr1 were 374 reversed in the hippocampus by acute exploration of a novel environment 19 . We found that many 375 of the genes at which ENR counteracted age-related DNA methylation changes were also 376 differentially methylated by acute (four days) ENR in non-aged brains or by three months ENR in 377 middle-aged mice. Therefore, the rejuvenating effects of ENR on age-related DNA methylation 378 changes are potentially mediated by lifelong, repeated neuronal activation through continuous 379 novelty stimulation in ENR. Future studies should specify how ENR interacts with age-related 380 DNA methylation changes and address whether short-term ENR of aged animals is sufficient to 381 epigenetically rejuvenate the hippocampus. 382 ENR has an enormous potential to prevent or counteract brain dysfunctions in aged animals, 383 including synaptic plasticity, hippocampal neurogenesis and cognitive abilities 57-59 . Using 384 genome-wide DNA methylation sequencing at single nucleotide resolution, we here demonstrated 385 that ENR also restores a substantial number of age-related DNA methylation changes in the 386 hippocampus. Our data show the rejuvenating effects of ENR at the epigenetic level and provide a 387 potential mechanism how active interaction with the environment supports and promotes brain 388 function throughout the lifespan. 389
Methods
390
Animals and environmental enrichment 391
Female C57BL/6JRj mice were ordered from Janvier Labs and maintained on a 12 h light/dark 392 cycle at the animal facility of the Center for Regenerative Therapies Dresden. Food and water were 393 provided ad libitum. At an age of 6 weeks, mice were randomly distributed to an enriched 394 environment or control cages. The enriched environment was a 0.74 m 2 enclosure equipped with 395 tunnels and plastic toys. Toys were rearranged once per week, but not in the last four days before 396 analysis. In every experiment, ten mice were housed together in an enriched environment at the Detection of differentially methylated cytosines was performed using methylKit 1.5.2 61 . Briefly, 423 methylation levels were extracted from sorted Binary Alignment Map files using the function 424 processBismarkAln. Data was filtered for CpGs with a minimum coverage of ten reads and a 425 maximum coverage of 99.9% percentile using the function filterByCoverage. Using the function 426 unite, CpGs were selected that were sufficiently covered in at least three samples per group. 427
Differentially methylated cytosines were identified using the methDiff function applying the chi-428 squared test, a significance threshold of q < 0.001 and a threshold for absolute DNA methylation 429 differences higher than 25 %. 430
Differentially methylated cytosines were annotated to the gene with the nearest transcription start 431 site using data tables downloaded from Ensembl BioMart (as of 01.05.2019) 62 . Genes with at least 432 four annotated differentially methylated cytosines were considered differentially methylated genes. 433
Gene names used in this study are Ensembl gene names. Corresponding Entrez identifiers were 434 retrieved from the Bioconductor package AnnotationDbi 63 using Ensembl gene identifiers as keys. 435
Mapping of mouse genes to homologous human genes was performed using data tables 436 downloaded from Ensembl BioMart 62 . 437 Transcription factor binding analysis 451
The number of differentially methylated cytosines that overlap with position weight matrices of 452 transcription factor binding motifs was determined using the Biostrings package with a minimum 453 match score of 90 %. Transcription factor motifs were retrieved from motifDb 68 . Motif enrichment 454
for each transcription factor was tested by applying hypergeometric tests using the function 455 phyper(q, m, n, k) + dhyper(q, m, n, k) with q = number of differentially methylated cytosines 456 overlapping with the motif, m = number of background cytosines overlapping with the motif, n = 457 number of background cytosines not overlapping with the motif and k = total number of 458 differentially methylated cytosines. Multiple testing correction of p-values was performed using 459 the FDR method. 460
For conformation of Mecp2 binding sites, Mecp2 ChIP-Seq data were downloaded from GEO 461 (GSE67293) and overlapped with dmCpGs using Genomic Ranges 3.7. Hypergeometric test for 462 the enrichment analysis was performed as described for the motif analysis. 463
Functional gene enrichment analyses 464
Enrichment for gene ontology (GO) cellular components was analyzed using the online tool 465 GREAT 69 . Pathway analysis was performed using the R package ReactomePA 70 with a minimum 466 of 5 and a maximum of 300 genes per pathway. Enrichment for genes involved in synaptic 467 processes was performed using the SynGO online tool (https://www.syngoportal.org/) with default 468 settings. All enrichment analyses were performed with differentially methylated genes as query 469 lists and all genes covered by RRBS as background lists. 470
Gene set enrichment was analyzed by performing hypergeometric tests using the function 471 phyper(q, m, n, k) + dhyper(q, m, n, k) in R with q = number of differentially methylated genes overlapping with the gene set, m = number of background genes overlapping with the gene set, n = 473 number of background genes not overlapping with the gene set and k = total number of 474 differentially methylated genes. Genes involved in adult hippocampal neurogenesis were 475 downloaded from the Mammalian Adult Neurogenesis Gene Ontology (MANGO) v3.2 14 . The gene 476 list was filtered for genes with reported positive or negative effect on neurogenesis after protein 477 manipulation or gene manipulation (in total 283 genes). Genes or cytosines with known aging-478 induced DNA methylation changes were extracted from 38,71,72 for peripheral tissues and from 18,28 479 for the hippocampus. 480
The enrichment map was generated according to Merico et al. 33 using genes that contain at least 481 four differentially methylated cytosines (dmCpGs or dmCpHs). GO biological process, GO cellular 482 component, Reactome, and Wikipathways enrichment analyses were performed in g:Profiler 483
(https://biit.cs.ut.ee/gprofiler) using gene ensembl identifiers. The results from SynGO and 484 MANGO enrichment analysis were integrated into the gmt file downloaded from g:Profiler. The 485 network was generated using the app Enrichment Map 3.2.0 in cytoscape 3.7.1 using a q-value 486 threshold (FDR) of 0.05. Clusters were manually annotated. Groups with fewer than six connected 487 terms were not drawn. The STRING protein interaction network was generated inside cyotscape 488 3.7.1 using human ensembl identifiers with the plugin STRING (protein query) at a confidence 489 score cutoff of 0.5 with automated enrichment analysis. 490
Data and code availability 491
Sequencing data are deposited at GEO (accession number pending). Sequencing data were 492 analyzed using in-house R scripts which are available upon request. 493
Analysis of adult hippocampal neurogenesis 494
Tissue fixation and immunofluorescent stainings for the detection of new-born neurons were 495 performed as previously described 34 . Briefly, mice were anesthetized with 100 mg/kg ketamine (WDT) and 10 mg/kg xylazin (Serumwerk Bernburg AG) and transcardially perfused with 0.9 % 497 sodium chloride. Brains were removed from the skull and one hemisphere fixed in 4 % 498 paraformaldehyde prepared in phosphate buffer (pH 7.4) overnight at 4°C. Brains were incubated 499 in 30 % sucrose in phosphate buffer for two days and cut into 40 µm coronal sections using a dry-500 ice-cooled copper block on a sliding microtome (Leica, SM2000R). Sections were stored at 4 °C 501 in cryoprotectant solution (25 % ethyleneglycol, 25 % glycerol in 0.1 M phosphate buffer, pH 7.4). 502
For immunofluorescent stainings, sections were washed and unspecific binding sites were blocked 503 in phosphate buffered saline supplemented with 10 % donkey serum (Jackson Immuno Research 504 Labs) and 0.2 % Triton X-100 (Carl Roth) for 1 h at room temperature. Primary antibodies were 505 applied overnight at 4 °C as follows: polyclonal goat anti-doublecortin (1:250; Santa Cruz), 506 polyclonal rat anit-Ki67 (1:500; eBioscience), polyclonal goat anti-Sox2 (1:500; Santa Cruz). The 507 secondary antibodies anti-goat Cy3 and anti-rat 488 (1:1000; Jackson Immuno Research Labs) 508 were incubated for 2 h at room temperature. Antibodies were diluted in phosphate buffered saline 509 supplemented with 3 % donkey serum and 0.2 % Triton X-100. Nuclei were labeled with 4',6-510 diamidino-2-phenylindole (DAPI; 1:4000; Jackson Immuno Research Labs). Sections were 511 mounted onto glass slides and cover-slipped using Aquamount (Polysciences Inc.). Stainings were 512 imaged using a Zeiss Apotome equipped with an AxioCam MRm camera and the software 513 AxioVision 4.8 (Zeiss). Cells were quantified in every sixth section along the rostro-caudal axis of 514 the dentate gyrus. 515
Statistics 516
The statistical tests used are reported in the specific results or methods section. All t-tests were 517 two-sided and performed using GraphPad Prism 6.0. When performing multiple comparisons, p-518 values were adjusted using FDR corrections. All measurements were taken from distinct samples. 519 
